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THE EFFECT. OF SURFACE. CONDITIONS ON REFLECTION
- AND . SCINTILLATION. SPECTRA OF CdS CRYSTALS

M. S. Brodin, A..'V. Kritsky, E. N. Myasnikov,
M. I. Strashnikova, and L. A. Shlyakhova

In studyitg.the nature of exciton spectra in semi-
conductive and other types of crystals, their reflection
spectra must often be measured. This is almost obli-
gatory for hHighly absorbing crystals Where it is diffi-
cult to produce absorption spectra of single erystal
films which'are'fine epough forrprocessing. -As a rule,
this perteins"to.low temperatures, where the exciton
1ine$ are,narrowiana tﬁere'is.an abrupt increase. in their
maXimum-intensitﬁrr Clearly, meaeurement of reflection
lséectrajmuét beta.function‘ef surface conditions. There-
fore, in the. frequency ranée near that of sharp intense
lines, the. refractlve index of surface layers may wvary
~ with a-slight shlft in resonance frequency, which may
' lead ‘to interference phenomenatln the reflected wave.

A detailéd_epaleiérof the form.qf.low temperature
reflection spectra of CdS.crystals.of different qualities
was eenducted. It was found that .in using a neutral
xetehant en;spallatiOn fragments or natural surfaces of
higﬂ.qualitﬁ crystals, the shapefof the exciton line may
'undergo cardlnal changes. At the same time, a new scin-

-tlllatlon llne 1s observed above the primary peak; this

*Numbers in the margln indicate pagination in the foreign
text.
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attests to the'formation.o£ a co;responding surface
ené;gyustate,r.App;épriateuexpérimental‘data will be
given below, and;the”data;will be“discﬁssed on the basis
of theorefical interference phenomena due_to the hetero-
_geﬁeity"of:the surface‘layer refréctive index.

| Experimental Findings

The reflection .spectra.of natural and etched edges
of leaf and“three?dimensional Cdé‘crystals, as well.as
spallation,fragments‘of bulk.crystalé, were measured at
tempefatures of 4.2 and 77°% K. In this cqnnection,
single cryétaltspeéimens:of very high quality were chosen.
For three-dimensional single crystals, reflection spectra
were meaéufed for.EWO‘direction51of:the.wave.vector K of
incident light-with‘respect‘to the optical axis of the
crystal Cr K l‘é énd'k | C._kMoreover,Lthe.scintillation
spéctrapwere@meésured@.“All}measurementsmwere done with
a.spectrographWWith;ap,ﬁbbe numbef‘of,4'i/mm,

At T = 4,2° Kfitherfollowing”teSults.were obtained.
In the case df reflection from une£chedﬂcnystal surfaces,
the_éxcitonalines.A, B, andhcwappearédyquité clearly.
‘They are.of a typicallréflecting,shape;; the reflection
maximﬁmwshifts,tofthe'lopg;wave side from the absorption
maxiﬁum;_fhemminimumr accordipgly, shifts toward the short-
Wave‘gide,_ For tﬁis‘reason).such‘a‘shapé of curves R{v)

are'obsérveduduring reflection,both from leat and from



three-dimensional.single. crystals,  from their natural
edges”andffrom spalléted”éurfaées.. Howeverf the reflection 1825
cﬁrVe,amplitude frbm_the natural edges of three-dimen- .

‘sional crystals is, as a rule, less than from spallation

. fragments or leaf cfystals,_i.e., the exciton lines of
;efleétioﬁ‘érersgmewhat broadenéd.

After treatment with a neutral etchant, it was found:
that crystalﬁréflection curves;may be divided into two
groups'according to observed effects. The first group
contains‘spgciméns.whose spectrum does not change after
'surface‘efching.'.The second"group ié comprised of crystals
whose;regiectionfspectrum_changes more or less considerably.

With a freguency clange .in the reflection spectrum,

- R

4
218}
8219

8150 -
817

5280

49244}

a2k

81850t
8150

Q720

q1ror

iﬂ'n=7

| 20757 20490 70520 Zid00 20560 s 20460 20548 20620 20708 gm-’

Fig. 1.. Reflection spectra.of Cds crystals at T = 4.2° K.
a) k||c: Elc; b) K|c: E||C; 1) natural surface; 2) sur-
face treated with etchant.



_the,maximum,of.curyg.Rly).shifts,towardwthe long wave end{
and at the:minimum,.an.additiona1 reflection.line, sharp
and inténée,“appears.ﬂ“When thelreflection curves change
'significantly, there.is a virtually total "swit&h" in:
their shape: ' in place of the former reflection maximum
the ﬁinimumtis pbserved, and the-magimum.is observed in-
stead of the former'minimumr. The latter case ié illus-
trated in Figure la and b, where the change in the
reflection spectrum after étching of the crystal surface
is éhown;fin Fig. 2‘the subsequent change in the appear-
ance_of ﬁhe.curVES”of.R(u) in proportion to-an‘increase
insthe-dutatiqn‘of'etching is shown. |
It should be noted that: changes occur in the range

_ofuekéiton_lines A.aﬁd.B in both ébﬁponents:of the spec-
trumr(ELC*and Elléj ahd An. tﬁo directions of the incident
llght wave vector (ch and K||C). In this éonnection, the
con51derably broadened. line C (not shown .in the figqure)
remalns.almost_the same. The shifts of exciton line A
noted in.[l],‘whére.K]|C‘shiftsltowafd the long wave
side compared with‘thenposition where-glc, due to aniso-
tfopy of‘the effedtivefmas; Qf‘the exciton, is.also observed
in the”altered;reflection.spectrum.

| Changes in the reflection. spectra occur identically
during eicﬁing of both. the surface of a natural crystal

facet as well as of a surface spallation. Apparently,



the most. complete single .crystal specimens with the
smallest number of impurities, dislocations, and structural
defects, belong.in the. second group, i.e., that of struc-
tures most closely.approximating the ideal. ‘Leaf and
threeudiménSional.single,crystals which have been grown

by ‘the "free‘growth";ﬁethod'and”afe in the form of six-
sidedlpniéms'pértain to them.

Research on crysfal luminescence drew considerable
intereét;_ the reflection spectrum ﬁndergoeé significant
changes at.T = 4.2° K. Prior to etching the natural sur- 1826
face,‘a very. feeble luminescence in the range of the
free A exc;ton>{which coincides in. frequency with the
maximum of the reflection curve) and doublets of bonded
excitoﬁ states (so-called Jp and Jy lines) were observed.
After'etching;.thére was a éignificant increase in the
intensity of all scintillation lines; the bonded.exciton
 lines grew sfronger, and thei; phonon iterations appeared.
Iﬁ'thearange,of'the free exciton, in addition to the pre-
viously observed émissiqn;line A (? = 20,589 cm™1),
:additionaitluminosity A' (v = 20,599 cm 1) appeared, wﬁich
coihcides‘inlfreqﬁenéy with the new maximum of the re-

- flection Eurve (Fig. 3)..  Both lines A and A' also have
phonbn'iterations.ih'thelspectrum and'are polarized with
ElC;

In the range of "green" luminescence both before and
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Fig. 2. Shape of reflection spectrum of Cds crystal as
a function of etching duration. (T =4.2° K, E|C, K|C);
1) etching time 1 min; 2) 3 min; 3) 4 min; 4) 5 min.
afterzetching,‘there;was:no;luﬁinescence observed, indi-
cating.the.absencewofrcenters.responsible for such
. luminescence infthe given specimen.
‘Af‘temperatures.upjto 77° ‘K, .the described_anomalies
in the reflection spectra.appear, and the shape of the
curve R(v). again,becomeé regular (Fig. 4). The lumines-
cence line:Aﬂ.also\appears.
Dispussionjof Findings
‘To a great extent, the indicated effects of etching
inmthe,reflection.spectramcanwbe.explained if.we_consider
that in crystals of the.secondugroup? as. a resu;t of
etching, there 1s an increase or more evident manifes—

tation of a surface potential.barrier for excitons. Such



a barrier'mgy-evép exist in ideal crystals. This is shown
in:study‘{é] during examination.of.“surface,transformation"
- forces acting on.the exciton.. In the same study, the po-
tential barrier‘was,.fqr simplicity'é sake, replaced with
a‘rectangle. Calculations showed that its existence
‘leads,ﬁo the formation offaﬁ additional maximum in re-
fléctioﬁ near frequency'w]r of ldng wave'longitudinal
-excitons.ﬁ However;.it,can;be found that such a simplifying‘
chaﬁgé,ddéshnot'aLIOW.stating,in study [2] -that the preéence
of a potential barrier:can also lead to a substantial
redpction:in the ?efléction coefficient. in the proximity
of‘frequenCy_woﬁdf transverse‘léng wave . excitons and to
_thenformation:oﬁ.amréf;ection.mingmum in.its place.

In reality, .the presence of a potential barrier for
excitons. (as shown in study [3]) ieads.to a point where
in the expréssion for dielectric permeance; the disper-

sion freqﬁency w, of a real crystal is a function of the

o

distance x to the surface:

e = ¢ o (1)

In analyzing.thétpassage.of_electromagneticfWaves,through 1827
a medium.with”sﬁch dielectric permeance, two freguency
. rangés can.be,Specified near wy (=), in which the role of

the surface layer. is quite distinct.



Fig. 3. Comparison.of reflection spectra {(a) and scin-
tillation spectra. (b, .c) in CdS crystals with natural
surface at T = 4.2° K: ' .a) etched crystal where K[C, E|[C;
b) etched single crystal CdS;’ ¢) non-etched surface.
Scintillation spectra’ are.produced at the same exposure
where the weak line..of the free exciton in the spectrum
of the non-etched crystal did not appear.

-Iﬁ w < wo(@)_and the crystal is almost transparent .
to waves of such. frequency, then its optical boundary will
be blurred. by  the width of the surface layer whose thick-
ness'increases”in.proportion to the prbximity of w to w, ().
When. the ‘transition. layer is very thick, reflection will
be. slight... At small y,; when. the width of the transition

layer may be very great at frequencies w close to w,{~),

-the reflection maximum decreases. and will reach frequencies



w < wu(é).

In the other range m‘>‘wn(é), when the crystal is
no. longer totalIy~tran5parent, the‘surface layer refractive
.indexﬂwill be.great. For,fhis.reason, its thickness will
also be greaterhtheucloseﬁfdﬁié to w({x)., Interference of
light‘in.fhig.layer,canhlead to the'formation of one or
even_seﬁeralmiﬁterference”exfremes in this fregquency
range;:.If;@.becdmesng;eater:than-wo(ﬁ) + Lo/eu, the
effect of the surfacé”layer_abruptly aecreases as the
cryétal}bEComes.almostwtotéily,transparent._ In‘this way,
-calculatiﬁgmthe relationship wo(x),pefmixs us, te a great
éxtehﬁ, to exp1éin”the.obserﬁation of reflection spectra
features .of the. Cds crystal.

_ For;instance,gby.the.dispe;Sion-qurvés for formula
(1), the parameters:éo, Lo’ Y and Qu(m) can be evaluated
as far as'internal]prdperties.of-the cfystals appear in
dispersion measﬁ:ements.‘ In Fig. 5, the-dispersion curve
is plotted, measﬁreﬁ:inqa.fine'(d*_O.Su)‘"freely“ bound
1eaﬁ;crystale£ Ccds atJT.= 4.2° K., Fo:‘the'A‘exciton,
éu #= B, Ly = lOQ‘cmfli”wD(@)z120,585.cm*lrand.y'm 2 em™1
.werejproducéd;‘.in:éomparing_the refleétion spectra cal- .1828
‘culatedmfrom;£hesefda£a;ucha;acterizingtthe volumetric -
_propefties of the crystal, with the experimental. data, we
find that'their.divergenpe in the frequency range w > wq(*)

can be explained by the effect of the transition layer.
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Fig. 4. Reflection spectrum of Cd4dS crystal,
shown in Fig. la, curve 2, at T = 77° K.
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Fig. 5. Dispersion curve of CdS crystal at T = 4,2° K:
1} E|c, 2) E]]c. - '

Fig. 6. 'EffectIVeAthickness.of”sutface layer as a func-
tion of frequency:.:. curve. 1 calculated for curves of Fig.
5; in calculating curve 2, the reflection spectrum from
the etched surface was used.
.However, the effective thickness of this layer. (a) must
be a function of . frequency as shown in Fig. 6. {curve 1);

A similar calculation for an etched surface. {curve 2 in

Fig. '6) yields greater thickness of the transition layer
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in the frequency.range w. < wn(W)r The distance between
the graphs along .the ordinate éxislin Fig. 6 averages
20.%. It can thus be concluded,tha£ on.the crystal sur-
face as a result of etching a layer appears which has
'variable‘propértieé ahd a thickness.of.thisiorder.

A detailed‘investigation from this point of view of
the'reflecfion spectrum in‘the range w, (=) < w ? Wy ()
+ L. Y=, allows us to state that only in crystals with in-
'rvértedlspectrum shapes two interference extremes cén be
cbserved: Ia.minimum_with frequency of about wp{~) and a
maximum with fregquency of‘abput‘w0 + Lo/so. In all other
cases onlypthe;miﬁimﬁmes obser&ed,_and.interference:inten—
sifications ‘of reflection beconme. less noticeable since they
rmust‘qgcﬁ: at a frequency of w->fwﬂiw) + LQ/EW' Only the
_ very edge of.thiS'interference,maximumﬂappears‘either in
the form of a weak burstlnea¥'frequency W {*) +Lo/€o, or
simply as.a more abruPt:increaseu{this,foiiows from stan-
dafd;crystal bpticsi inﬂthe coefficient of reflection R
with:increased w in that frequency range. .If this is
actually"observed;_the interferencg miniﬁum'should cor -
respond to;thé thickness of .the transparent surface layer
on the order of'SOOri. o

There i$ no‘doubt‘that,,without specifying the effect
of interference in the surface layer,. we cannot expect

that between reflecfion épectra and:absorption spectra
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a correspondence can be found.on the. basis of the Kramers-
.Krénig.corﬁeiationg.lThe,need_for carefulzuse of this
corfelation was indicated.in-study [4].

The disappearance of properties in the reflection
" spectrum at higher.temperatufes,_as established above,
‘begins'to make more sense. Naturally, an increase in
‘temperature leads té an..increase in Y, and when this
quantity eguals the height of the potential barrier in
units of B, its effect becomes.barely noticeable. Even
less noticeablé will be the effect of the potential
barrier in dptical spectra of excitons with low oscil-
lating power. |

Concerning the scintillation spectrum, the following
is noted. Since the,neﬁ scintillation line A' coincides
in frequency with the new refléction'maximum,_it can be
attributed to the"appearance_of "surface" exciton states.
whose resonance frequency depends‘on "volumetric" excitons.
HowéVer} this frequency is close to the freguency of the
lonéitudinal exciton, observed_in,absorption spectra
[5] and therefore, luminescence of. the longitudinal
exciton fro$ the,upperipolarization branch. [6] cmay appear
 iﬁ it. Nonetheless, we were able to connect lipe A' with
the_lumineséence of "surface"“excitons-since it is ob-
served. in a direction perpgndicu;af to the crystal sur-

face and polarized perpendicular to the optical axis of

12
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the crystal (ELC).

The question also arises of why different crystals
behave differently with respect to etbhing. We can aésume
that this is due to.their different degrees of homogeneity.
With iéss perfect specimens; Y increases significantly
(just as at higher temperatures). This leads to.reduction
of the surface barriér effect on‘phe shape of curve R(V).
On the other hand, with-more perfect crystals,lthe
surface barrier“properties manifestly appear in spectral

properties,
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